The Poincare Gauge Theory (PGT)1) is an extended theory of General Relativity (GR). It is based on more general geometrical framework including curvature and torsion. The latter couples with spins of matter and this interaction becomes important at the early universe. Torsion particles arise from the weak field approximation of this theory. 2) Recently, cosmology of the early universe is prosperously discussed by many authors. In these researches, the problem of thermalization of the universe plays important roles.
3 )-6) In this paper, we investigate the thermal histories of the very early universe (1018GeV;;::; T;;::; 10 14 GeV, the era before the phase transition of GUT), which consists of torsion particles and GUT(SU(5)) particles (fermions F, gauge bosons G and Higgs particles H).
It has been shown 3 ),4) that for l019GeV;;::; T;;::; TG=1015-14GeV a system consisting of GUT particles and gravitons cannot be in thermal equilibrium ( Fig. 6(1) ). While, we will show that in a system consisting of torsion particles and GUT particles, four thermal histories of the very early universe are possible, depending on the value of parameters of PGT ( Fig. 6(I)~OV) ). In history 0), the universe is not thermalized for that era. In history (II), the universe is once thermalized at T= Te then become nonequilibriuni at T = Td then thermalized again at T= TG• In history (III), the universe is in thermal equilibrium at T: GeV. This history is desirable for the scenarios such as the inflationary5) or the new inflationary universe,6) because it is desirable for these theories that the universe is in thermal equilibrium at least just before the beginning of the de Sitter expansion (it begins at T= Tc~1015-14GeV7»). In history (IV), the strong gravitational interaction complicates a picture of the very early universe (the N ·region, see §6). In this way, there are various thermal histories of the very early universe when torsionparticles are involved.
In §2, a brief review about the nonequilibrium era in the system of GUT particles and gravitons for ,1019GeV;;::; T;;::;1015-14GeV is given. In §3, simple introduction of PGT and its weak field approximation are given. We adopt in this paper the simplest case that includes only a massive 0-torsion particle and at this time we introduce the mass of the torsion particle mt and the coupling constant gt as free parameters. Then, the interaction between torsion particles and GUT particles is stated. In §4, first using this interaction, the reaction rates r(gt, mt, T) of processes which involve both the torsion particle and GUT particles are estimated. N ext, the thermalization condition
is examined as inequalities among gt, mt and T. Here, R is tb,e scale parameter of the Friedmann universe. We shall take gt and mt as free parameters. In §5, further restrictions of these parameters are discussed by considering several conditions such as the average matter density of the universe,S),9) the decoupling of the torsion particle from ordinary matter and the hyperfine splitting of the hydrogen atom.10),1l) Lastly, by the rate equation (the evolution equations for particle number densities) the conditions for realization of thermal equilibrium within the time interval corresponding to lQ 17 GeV:C: T :C:IQ15GeV are given. In §6, under these conditions, it is shown that the four thermal histories of the very early universe are possible, depending on the value of gt. In §7, summary is given and related problems are listed. In the Appendix, validity of the flat spacetime background approximation is discussed. § 2. N onequilibrium era in the very early universe The reaction rate of an i-particle for a process (ij ~ kl) is given by (2'1) where summation is over all particle species (j, k, l) and their helicity states, nj is the total number density of j-particles and < "')TA means the thermal average over i and j particles. The thermalization condition is given by (1·1).
Ellis and Steigman have shown 3 ) by order estimation of rGUT that the system consisting of only GUT particles cannot be in equilibrium at .T:C: l015Ge V in the radiation dominated very early universe. Because r=3R/R at T=1015GeV, the thermal equilibrium seems to be effectively realized at roughly T:Sl014GeV. It has blso been shown 3 ),4) that the system consisting of gravitons of GR and GUT particles cannot be in equilibrium for mp:C: T:C:1Q15GeV, where mp is the Planck mass given by 1.2Xl0 19 GeV. It is derived for T:S mp (m=l, 2, ... ) (2'2) based on dimensional analysis.
Consequently, there exists the nonequilibrium era for lOlsGeV:C: T:C:1Q15-14GeV as for the system consisting of GUT particles and gravitons. § 3. The interactions between torsion particles and GUT particles From now on, the system consisting of torsion particles and GUT particles is discussed.
The Poincare Gauge Theory!) is a gauge theory for extended gravity. Its gauge group is T®L1nternal, where T is the translational gauge group and Linternal is the internal Lorentz gauge group. It contains GR and the New General Relativity (NGR)l1) as its special cases. The underlying spacetime manifold of this gravitational theory is the Riemann-Cartan spacetime characterized by curvature and torsion. The torsion couples with the intrinsic spin of matter. This interaction is expected to become important in the very early universe (see (3·6) and below).
In the weak field approximation 2 ),l2) in which two gauge fields are considered as weak fields on the flat spacetime background (see the Appendix), there emerge one graviton and six torsion particles which can be either massive or massless. It has been shown that there are four cases in which torsion particles can coexist as normal particles with positive mass and positive energy.l3)
In the following discussion, we shall take the simplest case in which only a single kind of torsion particle exists. This particle is a pseudoscalar defined by
where a is the constant defined from Einstein's G as 1 a= 16JrG .
The field ap is one of the irreducible components of the translation gauge field strength T;jk which is related to the torsion tensor Tp.v and 5APII is the spin tensor of fermion fields. Why must we consider this interaction in the very early universe? Firstly, torsion particles arise from more general framework than that of GR. Therefore, if there is no speCial reason for TplI;,=O, it is natural to take account of roles of torsion particles in the very early universe. Secondly, torsion particles couple with the intrinsic spins of matter as shown above. Therefore, this interaction appears in the era in which the gravitational interaction becomes important in microscopic systems such as the very early universe. (For macroscopic systems, spin density is usually averaged out except for special cases such as neutron stars.)
In order to make our discussion specific we take the 5U(5) GUr) assuming that the curvature can be neglected, that is, the background spacetime is flat. In the following, the 45 fermions (3 families) are collectively denoted by Ff (j=1, 2, 3), the 24 gauge bosons by G (5 x 5 matrix) and the 24 Higgs particles by H (for simplicity Higgs of 5 are omitted).
Then the 5U(5) Lagrangian is expressed as 7 ) (3'8 )
where
In (3'10), A klP denotes the Lorentz gauge field, Ski is the Lorentz generator given by (3·12) and 9 is the 5U(5) gauge coupling constant estimated to be around 0.5 at about T = lO I5 Ge V by renormalization group analysis.
14 )
The spin tensor is defined by 5APII (3'11) where ¢p are components of independent fermion fields and 5 P lI is given as
It is known 2 ) that gauge bosons cannot interact with torsion particles at the tree (classical) level. However, we leave a room for interaction between gauge bosons and torsion particles in the following form:
This form of Lagrangian does not exist in the minimal coupling Lagrangian, but is possibly induced from radiative corrections. 15 ) In the present work, 8 is a free parameter.
However, it is expected to be 0(1), so we regard it as unity in the following. From (3'8) , (3'9) and (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , the interaction between torsion particles and GUT particles in the weak field approximation is expressed as with Downloaded from https://academic.oup.com/ptp/article-abstract/73/1/84/1876850 by guest on 24 January 2019 Dijk={-4~i
under a simplification of
G~ that is, we omit the terms such as -(2/J30)B and we express Gl, G~,.·· as G; (i=1, "', 24). Interaction (3·14) in momentum space is given in Fig. l . § 4. The thermalization condition for the system consisting of torsion particles and GUT particles
In this section, the reaction rates for various processes including torsion particles are calculated from the interactions derived in §3.
These calculations are performed in the flat spacetime background approximation. The condition for this approximation to be valid is discussed in the Appendix for the closed, open and flat universe, separately (see also Table II ). In the following, we shall assume that this approximation is admitted.
We shall also assume that perturbation theory can be applied to the interactions of (3·14) and we shall treat the case T--:t>mt (see §5). For the order estimation ofa (the total cross sections of the processes in Fig. 2 ), we use propagators at T=O (see the end of this section) and regard energy and momentum transfer as of the same order of magnitude.
In Fig. 2 , the two-body scattering processes, (¢U, (GU, (G2), (G3), (H) and (F) give the reaction rates of ¢, G, Hand F respectively. The (¢2), (¢3) and (¢4) are the decaying processes of ¢.
In the very early universe, the particle horizon sets a lower limit to energy of par- 
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oi . pi Fig. 2 , The processes including torsion particles. We take only graphs of the order ~ g" g,g and g/. The process F is the inverse of the process <,61. For <, 6 and F, only the most significant processes are listed, Fig, 3 . The factor I( T) arising from the presence of the particle horizon (Eq. (4·1), For T:S10 '8 GeV, I( T) is almost unity.
ticles 3 ) as
This makes r smaller than that of full distributions by the factor I( T). However, I( T) is nearly equal to one for T~ 10 18 GeV as is shown in Fig. 3 and therefore this effect is not significant. Before the phase transition (PT) of GUT, the summation in Eq. (2-1) is over the whole particle speCies involving torsion particles and GUT particles. After PT of GUT, some of GUT particles become massive and do not contribute to the reaction rates.
N ow we can estimate the reaction rates r in the radiation dominated universe (RDU) before PT of GUT in the period10 18 GeV<: T<:10 15 GeV. The value of R/R in RDU is given as
where N is the effective number of total heliCity states and is about 160 for SU (5) . From (4-2) and r, we can calculate r vs R/R. The estimations of rand r vs R/R are given When n is given, the thermalization condition for fermions is T<.10-2n+27.7 (eV).
Therefore, the decoupling temperature Td is 1O-2n+27.7(eV).
(4·4)
It is shown by an actual calculation that the correction to r i by finite temperature effect of Green functions would not change the above order estimation for reaction rates. § 5. The restrictions of g t and m t
1. The restriction by the average rnatter density of the universe
The mass density of ¢ at present time is given by
where Td is the decoupling temperature of the torsion particles. The diluting factor is the one due to the expansion of the universe. Along the scenario of the new inflationary universe, we take the inflational factor of the reheating time (l08GeV= Tr::::; T::::; 10 15 GeV) as ~ 10 25 . 6 ) Except for the reheating time we can set RT=const. The present temperature is Tp=2.7K=2.3X10- 13 GeV, thus we get where case a is the one in which if> decouples before PT of GUT, case b is after PT. There is another chance of enormous dilution, i.e., the PT of Weinberg-Salam. But this PT is shown to be second order or at most weakly first order/G) so this does not contribute significantly to the dilution factor.
The decay factor is given as
where r p2 is the decay width of (if>2)- (5'5)
The mass density Mp should be smaller than the observed value of the present matter density. There are two kinds of observed value. The one is the galactic mass densityS),9) of ~ 3 x 1O-31g/ cm 3 and the other is the so-called "dark matter" density9) of ~ 2 x 10-29 g/ cm 3 • As yet we do not know of what the dark matter consists. Therefore the possibility that the dark matter consists of torsion particles is not excluded. Here, let us take the latter bound, 
2. The restriction from the decoupling of torsion particles from ordinary rrtatter
Torsion particles must not change well-established scenarios of the standard cosmology such as the nuclear synthesis at ~ 105e V and the photon decoupling at ~ 1 e V. Here, we take a very severe condition that torsion particles must not affect the phenomena at energies less than ~1011eV (the energy of the Weinberg-Salam PT). This condition is expressed as where t1 is a time at which T=1011GeV. This yields n-;::'7.5 and we get forbidden region (II) of Fig. 4 . 
3. The restriction from the experiment of the hyperfine splitting of the hydrogen atom
The torsion particle mediates the spin-spin interaction between Dirac particles. Let us calculate a shift in the energy level of the hydrogen atom LlEf>( H), due to the spin-spin interaction between the proton and the electron. In this section, we almost follow the analysis of Hayashi and Shirafuji.
ll )
The torsion field ¢ is generated by the intrinsic spin of the proton (5 '9) where Sp is the spin density of the proton at rest at the origin ll ) (5'10) From (5·9) and (5'10) we get
The Dirac equation for the electron is where z is the z-component of the coordinates. From this we get (5'14) where aB is the Bohr radius. On the other hand, the energy shift LlEf>(H) should be restricted by the present limit of experiment ll ) as 
4. The condition for realization of thermal equilibrium
Using the rate equation, we get the conditions for realization of thermal equilibrium within a time interval that corresponds to 10 17 GeV;(: T;(:10 15 GeV. Let us pay attention to fermions, since fermions have the largest number of helicity states (the other particles can be treated in the same way). Let nF( t ) be the number density of fermions per unit volume (not comov~ng volume) then the rate equation for nF(t) is (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) where the first term on the R.H.S. is the one due to the expansion of the universe. When condition (1-1) is satisfied, this term is negligible. The second term is due to the process (¢1) and the third is due to the process (F) (Fig. 2) .
Firstly, we take the case in which G, Hand ¢ are already in thermal equilibrium and anF= nF-nFo~ nFo. Under this condition, we get a solution such as anF= anF (O) unfortunately we have no method to treat with this problem. In the following, we assume an~no.
.
The other restrictions
Furthermore, there must be the following conditions. As we restrict our argument to mt~ T< 10 I8 GeV, we should take m< 1<27.
The condition for validity of the perturbation expansion with respect to the coupling
where T is the typical energy scale exchanged by particles. We get from (5-23) and (4-3c) l;S-n+28.l. In this section, we show that in the system involving torsion particles and GUT particles the four thermal histories of the very early universe are possible, depending on the value of gt in the allowed regions.
From Table I , we get equilibrium regions of the system ofr/J, G, F and H as and hence perturbative calculations are not justified there as already mentioned. Furthermore, the weak field approximation cannot be admitted in the N -region for the following reason. The torsion field r/J can be expanded into power series of gt T (dim gt T =EO), regarding the second term of (3-6) as perturbation, 6 . The four thermal histories of (6·9). The shaded regions and the blank regions represent the equilibrium era and nonequilibrium era respectively.
In the case of (6·1), P largely fluctuates far from Po. Several people suggested 17 ) that for T ~ mp (for the N -region in this case) strong quantum gravitational effects make the system in "thermal equilibrium" like "hot soup". However in this case we must abandon such· a simple picture that the particles move in continuous spacetime background. Therefore, a unified theory including gravity is required in order to study the N -region. Four thermal histories of the very early universe in the period 1018GeV~ T~1015GeV . are possible in the present scheme (Fig. 6) , depending on the value of the coupling constant gt.
History (I) of fermions ( 
In this case, the universe is not in thermal equilibrium for the era under consideration.
(In (6·3)~(6·6) and (6·9), we consider the cases for fermion F, the cases of p, G and H can be treated in the same way.) History (II) of fermions ( 
In this case, the universe is in thermal equilibrium throughout T::SI0 17 . 5 GeV for P and F.
This history is desirable for the inflationary or the new inflationary universe scenario (see §l).
In history (IV) of fermions ( Fig. 6 (d», the N-region extends beyond T=1015GeV because of the strong gravitational interactions. It corresponds to the range n~2. 6 .
In order to understand the physical meaning of (6·3)~(6·6), we compare gt with gg, the coupling constant associated with the usual gravitons of GR. In GR, the equation of 
In this case, the method of the finite temperature effective potential 18 ) for the Higgs field is justified for T::S10 16 GeV. Further, we refer to the mass of torsion particles. Corresponding to the four histories, the limits of mt are roughly given from Fig. 4 
In the case 0 =0, that is, there is no interaction between G and <P (see §3), <p and F are thermalized as before but G and H are not. § 7.
Conclusions
In the present paper, we have considered the problem of thermalization of the very early universe for 10 18 GeV::::: T::::: 10 15 Ge V by taking account of the interactions between torsion particles and GUT (SU5) particles. The former arises from the weak field approximation of PGT which is an extended theory of gravity. The interactions between torsion particles and GUT particles are derived. Torsion particles interact with spins of matter and this interaction seems to become important at the very early universe. The order estimation of the reaction rates for the processes which involve torsion particles are carried out in the flat spacetime background approximation. Using these reaction rates, the thermalization conditions are given as the inequalities between gt, mt and T. Further, using the rate equation, the conditions for realization of the thermal equilibrium are given as the inequalities between gt and T. The value of gt and mt are restricted by the several conditions, i.e., the average matter density of the universe, the decoupling of torsion particles from ordinary matter and the hyperfine splitting of the energy level of a hydrogen atom mediated by torsion particles.
There are four thermal histories of the very early universe depending on the value of gt in the allowed region. Among them, a desired history for the inflationary or the new inflationary universe, in which the very early universe is in thermal equilibrium at T :$10 17 -16 GeV, is realized for the value of gt~70gg and mt:$60eV or 1MeV:$ mt:$10
15
GeV. Three difficult problems are left unsolved. The first is to know what happen in the N -region. This is concerned with the unified theory including gravity and is a problem of future. The second is to solve the Boltzmann equation for the case in which all particles started from a nonequilibrium state such as (5-21). The third is to investigate whether the era corresponding to Td < T< TG in history (II) can be effectively in thermal equilibrium or not. The second and the third need the nonequilibrium statistical mechanics.
S. Ogino
Aafter=R( T=3K)·3K;C;10
28
(A·4) where "after" means the value after PT of GUT. Therefore after PT this approximation is applicable.
ii) The case before PT Before PT of GUT,along the scenarios of the inflationary and the new inflationary universe,5),6) 1 Sbefore = Z3 Safter , 
This universe has a lifetime=2R1~102Ab2/mp. If we take A b=l, this lifetime is ~1O-41.6sec. It is too short! The universe must survive at least T~1015GeV. Then Pv term of (A·6) drives the universe to the de Sitter type. From (A·7a) and R= T/Ab, we get (A·8)
We set T=10 15 GeV at (A·8) and get (for k=l)
In this case (k=l, Ab;C;10 2 • 7 ), the universe is RDU for 10 18 GeV;C; T;C; 10 15 GeV and the de Sitter universe for 10 15 GeV;C; T;C; 10 8 GeV. The case (k=l, A b:S10
) is impossible as mentioned above. Therefore in the closed universe the flat spacetime approximation is applicable. ii-b) The cases of the open universe In the case of the open universe of (k= -1, Ab~102.7) the universe is RDU. However in the case (k= -1, l~Ab~102.7), the universe is at first RDU and then become a curvature dominated one (CDU). In this case, we can repeat the same analyses in the text (we use an equation R/R= T/Ab instead of (4·2», then we get similar consequences to §6. Only in the case (k=-l, O<Ab~l) the flat spacetime approximation is not justified, thus we omit this case in this paper.
ii-c) The case of the flat universe
In the case of flat universe of (k=O), Ab cannot be determined but the flat spacetime approximation is applicable, of course.
These various cases are summarized in Table II . . The condition for the validity of the weak field approximation is discussed in the framework of PGT. 20 )
